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Several  investigators have  already studied  the  diffusion of non- 
electrolytes across membranes with very narrow types of pores (1-3). 
As their experiments were carried on with Traube's copper ferrocya- 
hide membrane or with bag shaped dried collodion membranes there 
were certain mechanical difficulties due to delicacy of the membranes 
themselves which prevented any great extension of the investigations. 
In general, however, the experiments did tend to establish the fact 
that the diffusion rate of a substance was much more strongly depend- 
ent on molecular weight or more accurately molecular volume when 
a  membrane was present than when one was not. 
In the present investigation we have been able to use the exceedingly 
durable flat type of dried  collodion membrane described in one of 
our earlier papers (4).  We have restricted ourselves to a small num- 
ber of substances, attempting to study each under the best conditions 
available.  Acetone,  urea,  glycerine,  and  glucose  were  selected  as 
best suited to our purposes because these substances can be obtained 
in pure form and because quantitative estimation by microanalytical 
procedures is possible. 
Arrangement  of Diffusion  Experiments. 
In all of the experiments the arrangement of apparatus was essentially the 
same.  A moist chamber large enough to hold four or five membranes  was used to 
contain  the outside solution. The membranes placed in this were kept  from 
resting on the bottom by a frame of glass  rods.  At the beginning  of an experiment 
about 20 cc. of distilled water was placed inside of each glass bell supporting a 
membrane, a solution of the substance to be investigated in desired concentration 
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poured into the outside chamber, and the membranes immersed in the solution. 
Evaporation was prevented by a  tightly fitting lid.  After a  suitable time the 
liquid inside the membranes was removed and the amount of substance diffused 
from the  solution on the  outside determined.  A  fresh  quantity of water was 
immediately placed inside the membranes which were returned to the chamber at 
once, so that a new experiment was begun at the conclusion of each preceding one. 
Thus, when a  stationary rate of diffusion had been reached,  that is, when the 
diffusing substance had established a stationary gradient across the membrane, as 
little as possible was done to disturb the gradient, and a  series of experiments 
conducted to determine as accurately as possible the rate of diffusion. 
Due to causes which will be discussed later the establishment of a stationary 
diffusion rate was often exceedingly slow.  After we  had recognized this fact it 
became customary to  wait  several weeks, during which time  the  liquids were 
frequently changed, before beginning the analyses.  A relatively close agreement 
between the results of successive experiments was taken as an index of the estab- 
lishment of the stationary condition. 
In working with urea and glucose it was possible to prepare an outside solution 
of  the  exact  concentration desired.  With  acetone  and  glycerine, however,  it 
proved more  convenient to  make  up  the  solutions in approximately the  con- 
centration desired and then determine their exact strength by analysis during the 
course of the experiments.  Especially was this necessary in the case of acetone. 
Acetone is extremely volatile and evaporates from solutions so rapidly that it was 
impractical to maintain a solution of any definite concentration.  When working 
with acetone special care was taken to see that the lid of the chamber containing 
the solution fitted tightly.  The exact strength of the solution was determined by 
analysis at the beginning  and end of each experiment and the average figure taken 
as  the concentration during the experiment.  With other substances the depth 
of the solution in the chamber was from 2 to 3 cm.  With acetone a depth of about 
15  cm.  was  used  so  as  to lessen the  relative surface exposed for evaporation. 
Moreover the bells supporting the membranes were tightly stoppered so that no 
acetone might reach the inside solutions by way of vapor in the chamber.  Even 
with  these  precautions a  steady  decrease  in the  concentration of  the  acetone 
solution could be observed but it was very slight during the course of any one 
experiment.  From time to time an amount of acetone equivalent to that lost by 
evaporation was readded to the solution. 
The first substances with which we worked were acetone and glycerine.  These 
early experiments were conducted at room temperature, the slight effect  of daily 
variations being neglected.  Later an ice box, maintaining and recording a con- 
stant temperature of about 2°C.,  became available and was utilized for  all the 
experiments with glucose and urea and for many further experiments with acetone 
and glycerine.  Besides providing a  constant temperature the  coldness of  the 
ice  box was of material assistance in preventing decomposition of  the organic 
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Methods  of Analysis. 
Acetone.--Acetone was determined iodimetricaUy in most  cases with  0.0I 
solutions of iodine and  sodium  thiosulfate.  When  titrating with  solutions of 
such low titer it is especially important to remember that in alkaline solution the 
hypoiodite ion passes over easily to the iodate ion by dissolved oxygen.  It was 
therefore  necessary  to  make  parallel blank  determinations  under  accurately 
corresponding conditions and to correct for this blank.  In some of the experi- 
ments the acetone had to be determined in the presence of glycerine.  As even the 
purest glycerine we were able to obtain contained traces of substances combining 
with iodine, the acetone was transferred from the glycerine containing solution 
into the alkaline hypoiodite solution by the aeration method of Folin (5).  The 
parallel blank consisted in  replacing the  glycerine-acetone solution by one  of 
glycerine only.  Fortunately the  iodine-combining substances  of  the  glycerine 
were non-volatile. 
Urea.--The urea  used  showed  a  negative  test  for  ammonia  with  Nessler's 
reagent.  Exposed to the  air, even  at  the temperature of the ice box, such  a 
solution gave a positive reaction after several days but it could be shown that this 
was due not to decomposition of urea but to ammonia in the air.  In hermetically 
tight bottles no  Nessler reaction occurred after several weeks.  In performing 
our  experiments  the  outside  solution  was  frequently  changed.  Moreover,  in 
preparation for analysis the inside solution was evaporated almost to dryness on 
the steam bath at neutral reaction, a  process sufficient to remove traces of am- 
monia.  The nitrogen was then determined by the micro Kjeldahl method (Direct 
Nesslerization method  of  Koch  and  McMeekin  (5)).  Control  analyses  with 
known amounts of urea under the same conditions showed the efficiency of the 
method. 
Glycerine.--Glycerine was determined by the reduction of a  standard chromic 
acid solution.  The method used was derived from the procedure described by 
Bang (6) for the determination of fat in blood.  The chromic acid solution was 
carefully standardized against solutions of pure glycerine made to known strength 
by specific gravity readings.  We found  1  cc.  of 0.1  N  chromic  acid solution 
equivalent to 0.00713  millimols of glycerine.  This factor is in substantial agree- 
ment with that given in an analogous method used in the arts for the determination 
of crude glycerine (7).  Our procedure was as follows: The solution of approxi- 
mately 25  cc. volume was evaporated on a  steam bath.  We were able to show 
that evaporation caused no loss of glycerine provided it was not continued beyond a 
volume of 0.5 to 1 cc.  Complete evaporation of the water resulted in losses of 
10 per cent or more of the total glycerine.  A sufficient quantity of 0.1 N chromic 
acid (usually not more than 2.0 cc.) was run in from a burette and 5 cc. of con- 
centrated sulfuric acid added for each 2  cc.  of chromic acid taken.  When in- 
sufficient chromic acid had been used as shown by the change in color more was 
added and correspondingly more sulfuric acid.  Complete oxidation of glycerine 
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solution into a large beaker, adding several cubic centimeters of 5 per cent potas- 
sium iodide solution, and titrating  the liberated iodine with 0.1 zq sodium thiosul- 
fate solution. 
Glucose.--Glucose was determined by the method  of Hagedom  and  Jensen 
(5) used for blood, omitting the steps concerned with the removal of protein. 
Constancy  of the Membranes. 
The reproducibility of the potential difference given by a membrane 
between 0.1  1~ and 0.01  1~ potassium  chloride  solutions  (Co P)  was 
taken as a gauge of the constancy of the properties of the membrane. 
In Table I  we have arranged the Co P  values of the membranes used 
in  this  study at  the  beginning  of  the  experiments  and  subsequent 
readings made from time to time during the period.  The method of 
making these readings  has been previously described.  In general it 
required a week before a constancy of potential within a millivolt was 
reached.  After this  time  several readings  were made on successive 
days and  the average figure entered as the correct Co P  value.  It 
will be seen that in most of the membranes a drop of several miUivolts 
occurred during a  period of 6 months while in a  few the Co P  value 
remained essentially unchanged.  It may be that some of the mino.r 
discrepancies to be reported later may be attributed  to  these slight 
changes in the membrane properties. 
Among the substances with which we worked there is one, acetone, 
which in high concentration  can act as a  solvent for collodion.  One 
can suppose that in more dilute solutions a trace of this action might 
remain,  that the acetone might cause the collodion to swell and alter 
somewhat the properties of the membrane.  In other words it might 
be suspected that  in this particular  case the membrane might  func- 
tion not only as a sieve but also as a solvent and  so alter  the mecha- 
nism of diffusion.  In the concentrations actually used in our experi- 
ments, in only a  few cases greater than 0.1 N or about 0.6 per cent, 
the  property of  acetone  as a  solvent for collodion could neither  be 
expected nor observed.  However, in order to establish  the insignifi- 
cance of acetone in these low concentrations on the membrane properties 
Co P  measurements were made with one membrane in which the two 
potassium chloride solutions on the two sides of the membrane  con- 
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for the Co P of this membrane was 50 millivolts.  In the presence of 
acetone it was 48 millivolts.  The original value was reobtained when 
the  acetone-containing  potassium  chloride  solutions  were  replaced 
by pure  potassium  chloride  solutions.  The  change  was very slight 
and  reversible.  Without  attempting  a  definite  explanation  for  the 
slight change observed it may be mentioned that the effect of acetone 
on the activity coefficient of potassium chloride  at different concen- 
trations is quite sufficient to account for the small difference. 
Selection  of Form for Expressing Results. 
If  the  ordinary  rules of diffusion  are  applicable  the  amount  of a 
substance which will diffuse through  a  membrane is proportional  to 
the time, to the exposed area, to the difference in concentration exist- 
ing between the solutions at the two borders of the membrane,  and 
inversely to  the  thickness  of the membrane  or length  of the  pore 
channels.  The constant which converts this proportionality into an 
equation  is  called  the  diffusion  coefficient.  In these  investigations 
we are to deal with a  comparison of the rates  at which two different 
substances diffuse through  the same membrane and in  making  such 
a  comparison may regard the exposed area and membrane thickness 
as constant.  Moreover, the time of diffusion was never long enough 
to alter appreciably the difference in concentration between the liquids 
on the two sides of the membrane and this difference may likewise be 
considered  a  constant.  For this  reason  it  will  be sufficient for our 
purposes to express the rate of diffusion for each membrane with each 
substance in a definite concentration in millimols passing through the 
membrane per hour.  Inasmuch  as we are presently to demonstrate 
that  the rate of diffusion with our membranes is proportional  to the 
difference in  concentration,  that  is, that  this  principle  of Fick's law 
holds also for the dried collodion membrane, it will be possible to ex- 
press all diffusion rates in terms of the rate that would hold for some 
fixed  reference  concentration.  For  convenience  throughout  this 
paper we shall express our results in terms of the diffusion rate holding 
for 0.1 M solutions. 
Concerning  the  effect of  temperature  it  may  be  stated  that  the 
factor of dependence  is  not large  and  that  in  view of other  experi- A. A. WEECH  AND  L. MICHAELIS  61 
mental errors incident to these experiments a  variation of 1  ° or 2°C. 
is of negligible significance.  In the experiments conducted in the  ice 
box a  constant temperature was maintained. 
Dependence  of Diffusion  Rate  on "Difference in  Concentration  between 
Solutions  on  Two Sides  of Membrane. 
Our first problem was to  show that  the  rate  of diffusion for any 
membrane was proportional to the difference in concentration between 
the two solutions on the two sides of the membrane.  We did not feel 
that we would be justified in speaking of a  diffusion coefficient in the 
true sense of Fick's law unless such a relation could be shown to exist. 
Furthermore it was evident that much economy of time would result 
if we were able to conduct experiments with the more slowly diffusing 
substances in higher  concentrations  and  if all  results  could then  be 
referred to a  common unit. 
The  first  suggestive  proof  that  such  a  definite relation  between 
concentration  and rate of diffusion did exist was furnished by a  few 
experiments with glycerine in 0.5 ~  and 0.1 ~  concentrations.  Four 
different  membranes  were used.  The  result  is  shown  in  Table  II. 
The average diffusion rate for the four membranes was 2.00  ×  10 -5 
millimols per hour for the experiments in 0.5 ~  concentration  when 
expressed in terms of a supposedly proportional rate for 0.1 ~  concen- 
tration and 2.20  ×  10 -5 millimols per hour for the experiments actu- 
ally conducted  at this  concentration.  The  agreement is as good as 
earl be expected when one considers the small amounts obtainable for 
analysis at the lower concentration. 
In another series of experiments with acetone done at the same time 
the diffusion coefficients obtained from the experiments in  0,5 ~  con- 
centration and those in 0.1 ~  concentration were essentially the same 
but the  experiments  in more  dilute  solutions led  to  higher  relative 
rates.  We surmised that  this  discrepancy was the  result of experi- 
mental errors rather than real and accordingly planned another series 
of experiments with acetone in which the region of concentration which 
had previously shown the discrepancy was specially investigated.  In 
this series care was taken  to eliminate  the supposed sources of error 
in the first series.  A period of 3 weeks was allowed for the establish- 
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solutions before any analyses were made.  A  constant temperature 
was maintained in the ice box.  The results of this series are shown in 
Table III.  Although the rates as determined from individual experi- 
ments, especially those in 0.01  ~r concentration, vary considerably, a 
comparison of the average rates from each group of experiments shows 
a  striking uniformity.  The average of the four membranes shows a 
rate of 28.9  X  10 -s millimols per hour determined when the concen- 
tration of the outside solution was 0.1 ~  and a relative rate of 29.6  X 
10 -5 millimols per hour calculated from the experiments in  0.01  ~r 
concentration. 
It is necessary at this point to call attention to the rather large dis- 
crepancies occurring between the results of individual experiments. 
These discrepancies are far beyond the limits of error of the analytical 
TABLE II. 
.....  Membrane  I  F-~  I  F-5  I  F-6  I  ~C'7 
Diffusion rate observed in 0.5 ~r concentration. I  8.04  I  3.94  [  15.45  I  12.45 
0.1Nd o  on tocalc l   f omabovo  .... I  16,  I  079  I  3091 
Observed 0.1N diffusion rate  ...............  [  1.56  [  0.77  [  3.56  {  3.02 
Experiments with glycerine indicating that the diffusion rate is proportional 
to the difference in concentration between the inside and outside solutions.  All 
rates are expressed in terms of miUimols X 10  -6 per hour. 
methods employed.  They were observed throughout aU the experi- 
ments of this study,--with urea, glycerine, and glucose as well as with 
acetone.  Moreover, it will be observed that with some membranes 
the tendency to show variations in this respect is much greater than 
in  others in  which the results of individual  experiments are  fairly 
uniform.  In the experiments in 0.01  ~  concentration listed in Table 
III  the results with  the membrane F-7  show an average deviation 
from the mean rate of 30.9 per cent, while in the experiments with the 
membrane F-9 the average deviation is only 5.4 per cent.  These con- 
siderations have led us to believe that  the tendency to discrepancy 
between the results of individual diffusion experiments is an inherent 
property of the membrane itself.  An explanation of this phenomenon 
will be attempted later.  For the present it is sufficient to call atten- 
tion to its existence as an explanation for the adopted method of ob- A.  A.  WEECH  AND  L.  ~ICHAELIS  63 
TABLE  III. 
Rate calculated  Average rate from  Rate calculated  Average rate from  from experiments 
Membrane  from experiments  0.01 M  0.1 
in 0.01 z~  in 0.1 z~ 
concentration  experiments  concentration  experiments 
F-7  39.5  34.1 
F-8 
F-9 
F-10 
19.9 
21.7 
51.0 
46.6 
34.3 
54.2 
48.8 
25'.8 
20.6 
21.9 
15.2 
22.3 
20.2 
23.9 
37.9 
34.0 
39.9 
32.3 
33.7 
35.4 
35.6 
33.5 
18.9 
22.7 
17.4 
20.9 
17.4 
21.4 
35.5 
21.8 
35.1 
31.8 
35.4 
22.0 
22.9 
20.8 
37.4 
40.8 
37.0 
37.5 
20.3 
24.2 
21.2 
20.0 
21.9 
38.2 
21.4 
Second series of experiments with acetone to show the relation between differ- 
ence in concentration on the two sides  of the membrane  and rate  of diffusion. 
Results of individual experiments are given together with average results for each 
series  of  experiments.  All experiments  performed  at  constant  temperature  of 
ice box.  All rates  are  expressed  in  terms  of  a  supposedly  proportional 0.1 
rate and as millimols ×  10 -s per hour. TABLE  IV. 
Membrane 
F-1 
F-2 
F-~ 
F-4 
Rate of 
diffusion  of 
acetone 
104.0 
122.8 
133.1 
116.7 
124.7 
130.5 
117.6 
134.2 
80.2 
78.7 
~.6 
1~.2 
~.0 
102.1 
~.1 
~.9 
140.2 
104.4 
113.9 
144.5 
141:6 
156.0 
101.5 
109.1 
116.7 
136.1 
114.8 
75.9 
97.7 
89.1 
99.5 
73.4 
102.9 
94.6 
104.0 
Average acetone 
rate 
123.0 
83.2 
125.3 
92.1 
Rate of 
diffusion  of 
glycerine 
1.95 
1.80 
1.44 
1.66 
1.60 
1.58 
1.53 
1.28 
1.50 
1.82 
1.40 
1.45 
1.84 
1.75 
1.60 
1.60 
1.49 
Average 
glycerine rate 
1.71 
1.50 
1.56 
1.66 
Ratio of rates 
acetone rate 
glycerine rate 
71.9 
55.5 
80.3 
55.5 
Shows tw¢  series of experiments in  which  rate  of  diffusion was  determined 
with both acetone and glycerine.  Last column indicates the ratio of these rates. 
Majority of acetone experiments were conducted in a  concentration of approxi- 
mately 0.1  M; majority of glycerine experiments in a  concentration of approxi- 
mately 0.5 5.  All rates reduced to terms of 0.1  ~t and expressed as miUimols  X 
10 -~ per hour.  Experiments conducted at room temperature. 
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Membrane 
F-5 
F-6 
C-6 
C-7 
Rate of 
diffusion of 
acetone 
78.8 
63.9 
80.2 
81.8 
86.7 
81.3 
60.9 
56.7 
95.0 
82.6 
79.6 
58.2 
71.1 
70.3 
79.6 
75.3 
76.7 
79.4 
105.0 
80.8 
181.8 
190.6 
134.9 
160.7 
120.9 
120.7 
188.9 
163.8 
160.1 
221.7 
203.6 
161.6 
237.0 
251.3 
318.5 
305.7 
314.0 
258.2 
183.1 
213.4 
187.9 
216.9 
193.0 
Average acetone 
rate 
76.8 
77.6 
167.4 
243.5 
Rate of 
diffusion of 
glycerine 
0.68 
0.89 
0.73 
0.80 
2.92 
3.26 
4.69 
2.43 
7.47 
7.21 
7.85 
6.92 
6.99 
5.77 
2.49 
2.11 
3.92 
Average 
glycerine rate 
0.78 
3.33 
7.04 
2.84 
Ratio of rates 
acetone rate 
glycerine rate 
98.5 
23.3 
23.8 
85.7 
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taining the diffusion rate in any particular case from the mean result 
of a series of experiments rather than from a single experiment. 
TABLE  V. 
Membrane 
F-7 
F-8 
F-9 
F-10 
Average diffusion 
rate of acetone 
36.8 
21.7 
36.9 
21.6 
Rate of diffusion 
of urea 
16.3 
12.5 
13.7 
14.8 
10.8 
17.5 
14.6 
16.3 
24.1 
13.7 
29.4 
25.8 
27.0 
32.1 
25.7 
18.1 
13.8 
18.0 
21.9 
12.4 
Average urea rate 
13.6 
17.2 
28.0 
16.8 
Ratio of rates 
acetone rate 
urea rate 
2.71 
1.26 
1.32 
1.29 
Shows two series of experiments in which the rate of diffusion was determined 
with both acetone  and urea.  With urea  the results  of individual  experiments 
and the average result  are given.  With acetone only the average result  is given; 
the results  of the individual  experiments  were given in Table III.  Urea experi- 
ments were conducted in a concentration  of 0.1 g.  All rates reduced to terms of 
0.1 ~t and expressed as millimols  ×  10 -s per hour.  Experiments  conducted at 
constant temperature of ice box. 
Experiments to Determine Rdative Rates at Which Various Non-Electro- 
lytes  Diffuse  through  the Dried Collodion  Membrane. 
In these experiments we did not follow the method used by Fujita 
in which mixtures of two different substances were placed in solution A.  A.  WEECH  AND  L.  MICHAELIS  67 
on one side of the membrane and distilled water on the other side and 
the  relative  quantities  of the  two  Substances diffusing  through  the 
membrane determined.  Because of the durability of our membranes 
we were able to work with one substance  at  a  time,  measuring  as 
accurately as possible by a series of experiments the diffusion rate for 
each substance.  We then compared the rates at which the different 
TABLE  VI. 
Membrane 
C-1 
C-2 
F-11 
Rate of 
diffusion  of 
urea 
644.1 
552.4 
596.4 
570.8 
511.8 
556.5 
16.7 
10.4 
14.3 
Average  urea 
rate 
597.6 
546.4 
13.8 
Rate of 
diffusion  of 
glycerine 
26.2 
31.2 
29.3 
25.4 
84.9 
100.6 
91.8 
0.54 
0.52 
0.51 
Average 
glycerine  rate 
28.0 
92.4 
0.52 
Ratio of rates 
urea rate 
glycerine-rate 
21,3 
5.9 
26.5 
Shows two series of experiments in which the rate of diffusion was determined 
with both urea  and glycerine.  Last  column  indicates the  ratio of these rates. 
Urea experiments were conducted in a  concentration of 0.1  M; glycerine experi- 
ments in a concentration of approximately 0.5 M.  All rates reduced to terms of 
0.1  M and expressed as milllmols  X  10 -~ per hour.  Experiments conducted at 
constant temperature of ice box. 
substances  diffused.  By this  method  we  eliminated  the  possibility 
of changes in the diffusion rates due to the mutual action of two sub- 
stances on each other. 
Acetone-Glycerine.--The  results of experiments in which the diffusion 
rates  for  acetone  and  glycerine  were  compared  have  been  listed  in 
Table IV.  It will be seen that with the membranes used the ratio of 
the diffusion rates varied between 23 to 1 and 98 to 1, acetone being 
the more rapid.  This  difference is far beyond any sources of error. 
Even with the membrane giving the smallest figure the ratio is many 
times larger  than  would be expected if no membrane  were present. 68  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  V 
With no membrane, that is in free aqueous diffusion, the rates vary 
approximately inversely with the square root of the molecular weight. 
In this case the ratio of the rates would be 1.26 to 1. 
Acetone-Urea.--In  Table V have been listed the results of experi- 
ments comparing the diffusion rates of acetone and urea.  It will be 
seen that acetone diffuses 1.3 to 2.7 times as fast as urea.  The molecu- 
lar weight of urea  (60)  is slightly greater than that of acetone  (58). 
We cannot insist that this slight difference is sufficient to account for 
the difference in the diffusion rates for an accurate comparison would 
TABLE  VII. 
Diffusion rates from in- 
dividual experiments 
Average rate  ....... 
C-I 
0.83 
0.61 
0.42 
0.46 
0.55 
0.44 
0.51 
0.87 
0.85 
0.616 
Membrane 
C-6 
1.28 
2.00 
1.36 
1.22 
1.65 
1.70 
1.79 
1.57 
C-7 
0.17 
0.22 
0.28 
0.17 
0.20 
0.22 
0.22 
0.211 
F-2 
0,49 
0.56 
0.60 
0.89 
0.65 
0.67 
0.83 
0.670 
F-8  F-! ! 
0.58  0.37 
0.66  0.43 
0.52  0.36 
0.49  O. 29 
0.43  0.33 
0.38  0.35 
0.67 
0.70 
0.77 
0.33 
0.t7 
0.24 
0.25 
0.476  0,355 
Results of diffusion  experiments with glucose.  Performed  at ice box tempera- 
ture  and with outside solution of 0.5  ~t concentration.  All rates  reduced to 
terms of 0.1 ~ and expressed as miUimols X 10 -b per hour. 
have to depend on a  knowledge of the molecular volume, water en- 
velope and intermolecular forces, and these only approximately depend 
on the molecular weight.  We shall merely state that these two sub- 
stances with almost the same molecular weights have also approxi- 
mately the same diffusion rates. 
Urea-Glycerine.--In addition to the experiments with acetone and 
glycerine and those with acetone and urea which in themselves permit 
us  to  form an  estimate of the  urea-glycerine diffusion ratio,  a  few A. A. WEECH AND  L. MICHAELIS  69 
experiments were performed in which the diffusion rates of these two 
substances were directly compared  These have been listed in  Table 
VI.  It will  be  seen  that  urea  diffused  6  to  26  times  as  rapidly  as 
glycerine. 
Glucose.--No  separate  set  of experiments  was  done in  which  the 
diffusion  rate  of  glucose  was  compared  with  one  other  substance. 
TABLE VIII. 
Membrane  Average acetone rate in  Rate of diffusion  of  Average  acetone  pure solution  acetone in presence of  rate in presence o1  glycerine  glycerine 
F-3 
F-5 
F-6 
C-7 
125.3 
76.8 
77.6 
243.5 
120.3 
127.6 
143.1 
66.1 
82.1 
90.2 
63.0 
59.9 
72.7 
231.4 
280.7 
206.6 
330.7 
130.3 
79.5 
65.2 
262.4 
Shows results  of two series of experiments  in which  the rate of diffusion of 
acetone was determined.  In the first series  (given in detail  in Table (IV) pure 
water was placed inside the membranes and approximately  0.1 M acetone solution 
outside.  In the second series the concentration  of the outside solution remained 
0.1 ~  with respect  to acetone  but in addition both inside and outside  solutions 
were 0.1 ~  with respect  to glycerine.  All rates reduced to terms of 0.1  ~  and 
expressed as milllmols ×  10  -5 per hour.  Experiments  conducted at room tempera- 
ture. 
Rather  we  selected  membranes  used  in  previous  experiments  with 
which the diffusion rates of two other substances were already known. 
The results of the individual experiments are listed in Table VII.  By 
comparing the diffusion rates of glucose with the rates for other sub- 
stances given in the previous tables, it will be seen that the rate with 
glucose was always much smaller  than  with  any  of  the  other  sub- 7O  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  V 
stances studied.  Later we will list and discuss the ratios of the glucose 
rates to each of the other substances. 
Experiments to Determine  the Effect of One Substance  on the Diffusion 
Rate  of Another. 
Inasmuch as in his experiments Fujita (2)  had worked with mix- 
tures of two substances we thought it worth while to find out whether 
the  presence  of one  substance  would  change  the  diffusion rate  of 
another.  It was conceivable that some of the membrane pores might 
become clogged with the molecules of one substance and that fewer 
pores would be available for the diffusion of the other.  For this pur- 
pose we determined to see  whether the rate of diffusion of acetone 
could be altered by the presence of glycerine.  Four membranes were 
selected in which the rate of diffusion of acetone was accurately known. 
These membranes were allowed to stand for several weeks in contact 
on both sides with a  0.1  M solution of glycerine.  Then enough ace- 
tone was added to the outside solution to make it 0.1 M with respect 
to acetone as well as glycerine, and after a  suitable time allowed for 
the establishment of a definite diffusion gradient, the rate at which the 
acetone diffused through the membranes in the presence of glycerine 
was measured.  The results have been arranged in Table VIII.  It 
will be observed that we were unable to detect any effect of the gly- 
cerine on the rate of diffusion of acetone. 
Experiments to Indicate Steps Involved in Establishment  of Stationary 
Diffusion  Gradient. 
It has already been pointed out that in these diffusion experiments 
we found it necessary to wait some days for the establishment of  a 
definite diffusion gradient before any consistancy of results could  be 
obtained.  It seemed highly desirable that we should have some idea 
of the processes  going on  during the  establishment of this  definite 
gradient.  With  the  substances  with  which  we  first  worked  only 
rough  ideas  could be  obtained  as  the  analytical methods available 
were not sufficiently sensitive to determine quantitatively the small 
amounts diffusing  in the first few hours.  With acetone we did observe 
that in general the result obtained from a first or second experiment A.  A.  WEECH  AND  L.  MICt~IAELIS  71 
was lower than later ones.  However, when we began to work with 
the extremely accurate micro methods available for the determination 
of sugar it became possible to make such studies quantitatively even 
though the diffusion coefficient of sugar is many times smaller than 
that of acetone.  Experiments were  begun  with  membranes which 
had been kept in water for several weeks previously and  which had 
never been in contact with sugar.  A 0.5 ~t glucose solution was used. 
From the  first we  determined at  regular intervals  the  quantity of 
sugar passing the membrane.  From these figures it was possible to 
j, 
t=  ® 
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L-MAgT  1.  Shows the  various diffusion rates holding during the  period of 
establishment of the stationary diffusion gradient of glucose with two different 
membranes.  The dots represent the results of individual experiments, each dot 
being charted in the middle of the  time period over which the  diffusion was 
measured.  The curves have been drawn by interpolation. 
construct a  curve showing the changes in diffusion rate  during  the 
establishment of the stationary gradient.  In Chart 1 we have drawn 
two curves illustrative of two different types of processes involved. 
In the experiments with the membrane I-1  the most rapid rate was 
obtained from the  first experiment.  After this  the  rate  decreased 
from day to day reaching a  stationary value at about the 6th  day. 
We have drawn the first part of the curve beginning at zero because it 
is evident that some time must have elapsed before any glucose could 
have  crossed  the  membrane.  The  impression  gathered  from  this 
curve is that the process is similar to the one observed when a protein 72  STUDIES  O1~ PERMEABILITY  OF MEMBRANES.  V 
solution  is  filtered  through  an  ultrafilter,--the  pores  of  the  filter 
gradually becoming clogged.  Here it would seem as though the glu- 
cose  molecules  had  gradually  clogged  or  plugged  up  many  of  the 
channels in the membrane which were available at first.  In contrast 
to this curve stands the one obtained with the membrane C-7.  Here 
the diffusion rate was quite constant from the beginning. 
DISCUSSION. 
In offering  an explanation for the large  differences  in the diffusion 
rates of different  substances through  the same membrane  there  are 
two theories requiring consideration.  On the one hand we may con- 
ceive of the membrane as a phase working as a solvent for the diffusing 
substance.  In  this  case  the  partition  coefficient  would  determine 
the gradient of concentration of the substance in the membrane and 
thus control the rate of diffusion.  On the other hand it is possible 
that  the specific mobility of the  substance  expressed as a  diffusion 
coefficient has  a  different  value  within  the  membrane  from  that  in 
water.  In this case it is not necessary to employ a  concept of solu- 
bility although the two theories do not exclude each other.  At first 
sight  the large differences between the  diffusion rates with different 
substances would seem to favor the hypothesis that the rate is deter- 
mined in the greater part by solubility.  This is because we are accus- 
tomed to large differences in solubility between different substances 
but  not  to large  differences in  mobility.  For this  reason  Northrop 
(8)  recently  gave  preference  to  the  solubility  theory.  In  previous 
papers we have treated the dried collodion membrane as a sieve mem- 
brane  with  pores  almost  of  molecular  size.  When  the  membrane 
channels  are  as minute  as  this  a  distinction  between a  molecule in 
solution in the membrane and one within a channel becomes doubtful. 
A  full discussion of this problem of greatest importance to an under- 
standing of membrane action would lead us far from the purpose of 
this paper.  In a later communication we shall bring together a num- 
ber of facts which enable us to give preference to the theory of sieve 
action and during  the present paper will accept this theory without 
further discussion. 
In attempting then to form a  mental picture of the mechanism of 
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made two possibilities were kept in mind.  We thought  it probable 
that  the great difference in the diffusion rates between molecules of 
different sizes was due to the fact that the membranes contained pore 
channels of varying sizes, that only the largest of these channels would 
serve for the passage of a  large molecule such as glucose, and  that 
many more channels could be utilized by the smaller molecules such 
as  acetone  and  urea.  Now it  seems  rational  to  suppose  that  the 
quantity of any of these substances which can diffuse in a given time 
will be proportional to the total area of all the pores large enough to 
function in its transport.  This area may be called the available pore 
area  (A.1,.A.) for a  substance  in  contradistinction  to  the  total  pore 
area of the membrane.  The n.P.n,  evidently must become larger  as 
the molecular size decreases.  An example may be more easily followed 
than a  general discussion.  In the case of glycerine and acetone the 
data in Table IV will show that on an average acetone diffused 62 
times more rapidly than glycerine.  In free aqueous solution without 
a membrane acetone would diffuse only 1.26 times as rapidly as glycer- 
ine.  We may then state that the effect of the membrane was to de- 
crease the rate of glycerine diffusion 49 times more than it decreased 
the acetone rate  (49  X  1.26  =  62).  That  is,  the A.P.A. for acetone 
must be 49 times as great as the A.P.A. for glycerine or because the 
former includes the latter as one of its parts  it  follows that  only 2 
per cent of the A.P.A. for  acetone  is  available  for  glycerine.  Simi- 
larly it can be shown by analysis of the figures in which glycerine and 
glucose were compared that only 10 per cent of the A.P.A. for glycerine 
was available for glucose and from the experiments with acetone and 
glucose that only 0.3 per cent of the A.P.A. for acetone could be util- 
ized by glucose.  Such differences as these can exist only if the number 
of pores  utilizable  by the  substances  of  smaller  molecular  size  are 
many times greater than the number of larger pores and we may con- 
clude that  in  general  as the  size  of the pore channels  increases  the 
number of these channels greatly decreases. 
However it is possible to formulate another hypothesis in which the 
great difference with which molecules of larger and smaller size diffuse 
may be attributed to increased frictional resistance of the larger mole- 
cules against  the  pore walls  rather  than  to  variations  of pore  size. 
The experiments just described have led us to believe that this explana- 74  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  V 
tion is not the major one.  We have seen that a membrane saturated 
with glycerine has essentially the same permeability to acetone as in 
the  absence  of  glycerine.  If  the  same  membrane  channels  were 
being utilized for the passage of glycerine as for acetone it is hard to 
believe that  the more slowly moving glycerine molecules would not 
greatly interfere with the diffusion of acetone.  On the other hand, 
if the first hypothesis is the correct one, the smaller pores cannot be 
utilized by glycerine and their channels will remain open even in the 
presence of a  high  concentration  of this substance and can function 
for the transport  of acetone.  As the pore area  that  can be entered 
and clogged by the glycerine molecule is only 2 per cent of the A.~.A. 
for acetone it follows that 98 per cent should still be able to function 
in carrying acetone.  Because of this it is scarcely to be expected that 
we would be able to detect any effect on the rate of diffusion of ace- 
tone and this is in accordance with the observations. 
Again  we have  called attention  to  the  fact that with some mem- 
branes during the period of establishment of the stationary diffusion 
gradient  the  rate  at which glucose diffuses is more rapid during  the 
first days or hours than later when the rate has become constant.  It 
is not possible to account for this observation on the assumption that 
friction alone is responsible for the slow rate of diffusion of glycerine. 
We have explained it upon the basis of the first hypothesis by suppos- 
ing that some of the membrane channels are of such a  size that they 
are  permeable  to  glucose  for  a  short  time  only.  Gradually as the 
diffusion continues they become dogged and the final constant diffus- 
ion rate  is maintained  by pores of slightly larger  size which  do not 
become dogged.  We  are  conscious of the  fact  that  the  statement 
that a membrane channel has been clogged with a molecule may not 
mean that  the movement of this molecule has been stopped entirely 
but merely that  its progress has  been hindered  for a  time  and  that 
such a  conception would be equivalent to admitting that friction does 
play a  part.  However, we could not  on this  basis, account for the 
regular  way in  which  the  diffusion  rate  decreased from  day to  day 
until  a  stationary  rate  was reached.  It  is possible,  and  we believe 
probable, that the final stationary rate represents a condition not only 
in which some pores have remained permanently open and some per- 
manently closed but also in which another  group of pores are being A.  A.  WEECH  AND  L.  MICHAELIS  75 
temporarily occluded and then reopened in such a manner that more 
or less of an equilibrium  is maintained.  We are inclined  to  believe 
that the smaller irregularities in the diffusion rates found from day to 
day not only with glucose but also with the other substances are due 
to the unevenness of this process. 
In summarizing,  then, the points just discussed which have helped 
us form a picture of the structure of our membranes, we may conclude 
that the pore channels are of many different sizes.  We know nothing 
of the number or importance of the pores smaller than  the  acetone 
molecule but have been able to estimate that of the remaining  pore 
area only 2 per cent is distributed among pores large enough to allow 
the  diffusion of glycerine  and  only 0.3  per  cent  among  pores  large 
enough for glucose. 
In previous papers of this series (4, 9) we have dealt with the elec- 
trical  effects  demonstrable  when  the  dried  collodion  membrane  is 
placed between solutions of the same electrolyte in different concen- 
trations.  The  Co P  value when a  membrane  is placed between 0.1 
N  and  0.01  N  KC1  solutions  is  the  most  familiar  example.  In  a 
general way we have taken this Co  P  value as a  criterion of certain 
of  the  membrane  properties  and  in  particular  have  regarded  it  as 
giving some sort of an average  estimate of the  fineness of the pore 
channels.  It would seem then that we should be able to draw more or 
less of a  parallel between the Co P  values of our membranes and the 
ratios of the diffusion rates between molecules of different sizes,  for 
we have regarded these ratios as depending upon the relative numbers 
of pores of larger and smaller size.  In the early experiments  of this 
study with acetone and glycerine we were  disappointed in being able 
to find no such expected parallel.  It is true that the membrane with 
the lowest Co P  value,  F-6,  also  gave  the  lowest acetone-glycerine 
ratio  but  another  membrane,  C-6,  with  a  moderately  high  Co  P, 
showed almost the same ratio.  Similarly the membrane F-5, with a 
Co P  value considerably below the average, gave the highest acetone- 
glycerine ratio  of all.  However, when one examines the  figures se- 
cured  from  the  experiments  with  glucose  quite  a  different  result  is 
obtained.  The  glycerine-glucose,  acetone-glucose,  and  for  compari- 
son the  acetone-glycerine ratios  with this series of membranes  have 
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their Co P  values.  From this table it can be seen that no relation 
exists between Co P  and the acetone-glycerine ratio,--that between 
the acetone-glucose ratio and Co P  a suggestive relation exists in that 
only the two membranes with the highest and best maintained Co P 
values gave  the very large ratios,--whereas between the glycerine- 
glucose ratio and Co P  values with one exception a  definite parallel 
can be drawn, the ratios increasing directly with  the  Co  P.  These 
ratios increase in a regular way from 1.46 for the membrane F-11 with 
TABLE  IX. 
Membrane No. 
F-2 
F-11 
C-6 
F-8 
C-7 
C-1 
CoP variations 
28.1-22.2 
32.1-25.7 
41.1--35.9 
47.0-40.3 
47.0-45.4 
49.7-49.0 
Glycer!ne 
Glucose 
2.09 
1.46 
4.18 
12.56 
45.45 
Ratios of Diffusion  Rates 
Acetone 
Glucose 
115.8 
64.2 
99.4 
45.4 
1075.8 
1600.6 
Acetone 
Glycerine 
55.4 
43.8 
23.8 
85.7 
35.2 
To show  relation of Co P  to various diffusion rate ratios.  In this table the 
membranes studied with glucose have been arranged in order of their Co P  values 
which are given with their variations during the period of study.  In preparing 
the  table  several  approximations  were  necessary.  With  the  membranes C-1 
and F-11 the acetone diffusion rate was calculated from the urea diffusion rate by 
multiplying the  latter  by  1.65 (average  value for  known acetone-urea ratio). 
With the membranes F-2, C-6, and C-7 the acetone and glycerine diffusion rates 
were determined at room temperature (about 23°C.); for comparison with glucose 
these rates were corrected for a temperature difference of 20°C. between the room 
and ice box by supposing the diffusion rates proportional to absolute temperature. 
an average Co P of 28.9 millivolts to 45.45  for the membrane C-1 with 
an average Co P  of 49.4 millivolts. 
In order to  harmonize and account for these apparently diverse 
results it is necessary to  turn to a  consideration of those factors in 
the membrane which are responsible for the potential difference aris- 
ing when it is placed between solutions of an electrolyte in different 
concentrations.  We  have  previously  shown  that  this  potential 
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of the electrolyte but also  upon the particular concentration range 
being  considered.  In  dilute  solutions  the  effect of  the membrane 
is marked and relatively high potential differences  are observed where- 
as in more concentrated solutions the effect of the membrane tends 
to vanish.  Moreover, we have shown that these effects can be satis- 
factorily explained by referring them to changes in the transfer num- 
ber of the anion or more directly to changes in the mobility of the 
anion produced by the membrane.  Thus when working with potas- 
sium chloride in high concentration the mobility of chlorine is almost 
as  great as  that of potassium and the observed potential effect is 
small.  In low concentration the mobility of chlorine is small com- 
pared with that of potassium and a  relatively large potential effect 
arises. 
It now becomes of interest to search more closely for the factor 
responsible for the changes in the mobility of the anion with changes 
in concentration.  It will be recalled that in any case the mobility is 
much less in the membrane than in free aqueous solution.  We may 
suppose that this decrease in mobility is due to some sort of adhesion 
or adsorption between the anions and the boundary surface of the 
pore  channels.  When  the  concentration of  the  electrolyte is  low 
enough there may be a  channel surface great enough to bind all or 
nearly all of the anions migrating through the membrane.  Similarly 
in a high concentration the channel surface may be great enough to 
bind only a small part of the migrating anions, the remainder moving 
with relative freedom through the channel lumens.  We may thus 
refer the changes in the mobility of the anion to changes in the ratio 
between the number of anions in  the solution and the area of the 
channel walls.  With any membrane we can vary the first of these 
factors by changing the concentration of the electrolyte in the solu- 
tion wetting it.  The effect of varying the area of the channel walls 
cannot be observed in one membrane because this area is fixed.  How- 
ever, we can see in this factor an explanation for the fact that one 
membrane in a high range of concentrations may give the same poten- 
tial difference as another membrane in a low range.  Theoretically it 
is possible  to  conceive of a  membrane with a  constant pore-lumen 
area showing widely different  potential effects depending upon whether 78  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  V 
this area is made up of a  few pores of relatively large size or many 
smaller pores. 
In a  previous paper we have shown  that the  curve expressing the 
dependence of the transfer number of the anion on concentration has 
a  bilevel form.*  In high and in low concentrations the dependence is 
slight;  in  a  medium  concentration  range  the  dependence  is  great. 
Inasmuch  as  this  bilevel curve is brought about when  we vary in a 
regular way the ratio between the number of anions and the area of 
the channel walls by varying the concentration of the electrolyte we 
may infer that if we could vary in a  regular way the size of the pore 
channels,  the  resulting  curve expressing the  transfer number of the 
anion would likewise have a  bilevel shape for the effect on the deter- 
mining ratio would be the same as produced by concentration changes. 
Thus we may suppose that there is a certain range of pore sizes through 
which  the  potential  effects will  vary widely.  Pores of smaller  size 
than  those included in  the range will have little more effect than  if 
they were large enough to be included in the smaller end of the range, 
and similarly the effect of increasing the size of a  pore will be slight 
after this range is surpassed. 
Now, in the case of non-electrolytes diffusing through the membrane, 
there are  no  adhesive forces from the  cell walls  such as  are present 
with an electrically charged ion.  The rate of passage depends merely 
upon the number of pores large enough to transmit them.  We have 
here  then  a  rational  explanation  for  the  seemingly  diverse  results 
obtained  in  our  diffusion  experiments.  We  may  imagine  that  the 
majority of the pores which allow the passage of acetone and glycerine 
are too small to be included in the range responsible for marked po- 
tential variations.  The ratio of the glycerine rate to the acetone rate 
would then tell us nothing of the electrical effect to be expected.  On 
* As curves of this shape are encountered very often in biochemical investiga- 
tions (dissociation curves, titration curves, etc.) we have introduced the descrip- 
tive term "bilevel" by which  they may be designated.  Such  a  curve may be 
defined as one in which the dependent variable depends on the independent to 
an appreciable  extent only within a limited range beyond which the curve flattens 
on both sides to two parallel asymptotes each at a  different level.  Moreover, 
the curve has only one inflection point which lies in the variable part of the curve 
and the sign of the first derivative never changes.  Such a curve is represented 
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the other hand it is extremely likely that the pore sizes between the 
size of the glycerine and glucose molecules include at least a  part of 
this range for here there is an evident relation between the diffusion 
rate ratios and the Co P  values. 
It  may be  helpful  to  represent  the  conception  embodied in  the 
foregoing discussion in a schematic way (Chart 2).  Here we have set 
Sx, S~, $3, etc. to stand for the pores of increasing size in a membrane 
and Nx, N,, N3, to represent the number of pores of each respective 
size.  Then the entire pore system of the membrane can be represented 
by NzSx+ N..S~ +  N3S~, etc.  The curve shows the manner in which 
N,3, +N=3=  +N=$=  +N,3, *N~3s  *N,.~=  eN, S, *N6S=  ÷N,~ ~l~.~;-',t=. 
~rL~ 
Acel Dn¢ 
CHART 2.  Schematic representation of the pore system of the dried collodion 
membrane.  Sz, S~, S~, etc. refer to different and increasing pore sizes; Nz, N2, 
Ns, etc. indicate the number of pores of each size.  The bilevel curve shows an 
hypothetical zone in which anion mobility varies greatly with increasing pore 
size.  The possible pore sizes concerned in  the  diffusion of the various non- 
electrolytes are indicated in the lower part of the diagram. 
the mobility of the anion and therefore the Co P  value may depend 
upon the various pore sizes.  The lower part of the chart shows the 
pore sizes able to function in the diffusion of acetone, urea, glycerine, 
and glucose.  An inspection of this chart shows that countless arrange- 
ments of pore sizes and numbers are possible but that only when these 
fall within a certain range will there be any effect on the Co P. 
We are aware that the foregoing theory offers no explanation for 
the fact that the acetone-glucose ratio does not correspond with the 
Co P  value as well as the glycerine-glucose ratio.  Referring again to 
Chart 2 it will be seen that both of these ratios cover the pore size 80  STUDIES  ON  PERMEABILITY  OF  MEMBRANES.  V 
range of electrical importance.  As yet we do not feel prepared to offer 
an adequate explanation for this discrepancy.  We may state, how- 
ever,  that  several other considerations have  rendered plausible  the 
idea that in a  certain range of pore sizes there may be an effect on 
cation mobility as well as anion mobility and that by a  development 
of this idea it is possible to account for the discrepancy just mentioned. 
However, we  shall  not  feel justified in  developing this  idea before 
definite experimental data on this point has been collected. 
SUMMARY. 
A study has been made of the relative rates at which various organic 
non-electrolytes diffuse through  the  dried  collodion membrane.  It 
was found that acetone and urea pass through the membrane many 
times  more  rapidly  than  glycerine  and  that  glycerine in  its  turn 
diffuses much faster than  glucose.  It  was  also  demonstrated that 
the rate of diffusion varies directly with the difference in concentration 
between the solutions on  the  two  sides of the membrane.  It  was 
shown that the presence of glycerine on the two sides of the membrane 
did not appreciably affect the rate of diffusion of acetone.  In a study 
of the changes going on during the establishment of the stationary 
diffusion  gradient  with  glucose  experiments were  described  which 
strongly suggested that many of the membrane channels may gradu- 
ally become clogged up with glucose molecules so that the diffusion 
rate decreases from day to day until the stationary gradient is finally 
reached. 
In explaining the various experimental data the conception of the 
collodion membrane as a sieve with pores approximating in smallness 
the size of individual molecules was utilized.  The large differences 
in the diffusion rates between different substances were then referred 
to  differences  in  molecular  size,  the  relatively large  molecules of 
glycerine and  glucose  being  unable  to  pass  through  many of  the 
smaller pores available for urea and acetone.  From the data avail- 
able it was possible to estimate that 98 per cent of the pore area dis- 
tributed among holes large enough for the diffusion of acetone was 
unavailable for the passage of glycerine and that only 0.3 per cent of 
the pore area available for acetone could be utilized by glucose.  In 
trying to correlate the ratio between the diffusion rates of two different A. A. WEECH  AND L,  MrCHAEI,IS  81 
substances  with  the  characteristic  concentration  potential  (Co  P) 
given by the same membrane it was found (1) that with the acetone- 
glycerine ratio there is no correspondence (2)  that with the acetone- 
glucose ratio a suggestive relation exists and (3) that with the glycer- 
ine-glucose ratio a  definite correspondence can be shown, the higher 
ratios being obtained only with membranes giving high CO P  values. 
A  rational explanation for these facts was proposed. 
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